I. INTRODUCTION
ERAHERTZ (THz) frequency can be roughly defined from 0.1 to 10 THz range of frequency lies between microwave and infrared radiation on electromagnetic spectrum [1] . This practical band is often referred as "THz gap" due to the previous difficulties to exploit this region. It resembles the transition between electrical and optical frequencies for which adapting technologies for THz band has been proven difficult in the past. Nowadays, THz frequency regime has become an emerging field of research for its potential applications such as biomedical sensing [2] , spectroscopy [3] , astronomy [4] , monitoring drugs [5] , explosives or weapons in a nondestructive manner [6] , non-invasive imaging [7] , hybridization of DNA [8] and communications [9] . In the Terahertz technology the three major contributing fields are terahertz source, terahertz waveguide and terahertz detector [10] . Although advanced technologies for terahertz source for generation and terahertz detector for detection of the THz system were already developed during the past few decades, most of the commercially available terahertz systems are still based on free space propagation. The reason behind this is the lack of commercially feasible low loss waveguides [11, 12] . Previously, various types of waveguides were proposed for the THz wave propagation, such as metallic wires [13] , dielectric metal-coated tubes [14] , Bragg fibres [15] all-dielectric subwavelength polymer fibres [16] etc. But still these proposed waveguides had to challenge to satisfy flexible, efficient, lowloss transmission of broadband THz waves for long-length delivery. In order to achieve lower the propagation loss, a large part of transmitted radiation should be confined in air while propagating small portions into the material [17, 18] as dry air has lower absorption loss and dispersion than any other material in the THz band [10, 19] . In recent years researchers have reported porous core photonic crystal fibers (PCFs) as an improved option for THz wave transmission. Such porous fibers can be tuned to gain different optical characteristics by simply changing its parameters such as size and arrangement of the air holes, distance between air holes and the air hole structure.
Several porous core fibers designs have been reported for THz transmission in the resent years. J. Liang et al. [20] had proposed a THz porous wave guide with a flat dispersion from 0.98 to 1.15 THz frequency range with absolute dispersion variation less than 2.5 (ps/THz/cm). This design reported effective material loss was 0.432 cm -1 . Last year, Shaopeng Li et al. [21] proposed a triangular-lattice, porous core fibre without a centre elliptical air hole in their design. They reported a low EML with nearly zero dispersion curves in the frequency range of 0.1 to 5 THz. Shubi Kaijage et al. proposed a porous THz waveguide using an octagonal air hole distribution with a central circular air hole [12] . The proposed design reported a low material absorption loss of 0.07 cm −1 at 1THz operating frequency. In 2014, Imran et al. proposed a circular microstructure core having four air hole rings with a central air hole using octagonal cladding in the design. This porous core waveguide resulted a low EML of 0.056 cm -1 and near zero flat dispersion with absolute dispersion variation of ±0.18 ps/THz/cm in the frequency range from 1.0 to 1.8 THz [9] . Recently in 2015, Islam et al. proposed a low-loss rotated porous core hexagonal fiber using the same TOPAS material [22] . They have reported a low material absorption loss of 0.066 cm -1 and near zero flat dispersion of 1.06±0.12 ps/THz/cm from 0.5-1.08 THz frequency range [22] .
In the reported design a hexagonal cladding has been used with a newly proposed hybrid core structure [1] 2) has been used to arrange the structure of the fiber. Finite element method (FEM) with a perfectly matched layer (PML) has been used to study the propagation characteristics of the waveguide. The cladding of the fiber has a hexagonal distribution with three air hole rings. Number of air holes in these rings is 24, 30 and 36 respectively. The core region of the proposed fiber has a hybrid arrangement of air holes having six air holes in a triangular lattice design surrounded by two circular rings. Outer circular ring has 18 air holes which are 20º apart from one another and the inner circular ring has 12 air holes in 30º apart. All the air holes used in the design are circular shaped. A perfectly matched layer (PML) has been introduced surrounding the fiber body with 13% thickness of the fiber radius. In this paper we have rotated the triangular air hole arrangement by 30º, 60º and 90º to investigate the effects while keeping other air holes while keeping the other air holes at the same place. Fig. 1 shows the design structure of the reported fiber for optimum parameters.
The core diameter of the porous fiber is denoted as Dcore; pitch (air hole to air hole distance) of the core and cladding are denoted as Λ1 and Λ2. All the air holes in the hybrid core has same radius (r1) and the radius of the cladding air holes is r2. The values for optimum design parameters are as follows: Dcore=2450 µm, Λ1= 350 µm, Λ2=381 µm, r1=117.9 µm and r2=171.4 µm. Due to the fact that, only circular air holes have been used in the fiber design and the ait hole arrangement is very simple; thus a capillary stacking fabrication process can be used for the practical fabrication of the reported design [9] .
The host material used for the design is TOPAS; also chemically known as cyclic-olefin copolymer [23] . It has a constant refractive index of 1.5258 in the THz spectrum (0.1-2.0 THz) and a low bulk material loss of 0.2 cm -1 at 1 THz frequency [24] . Such properties are very beneficial for resulting in near zero flat dispersion [24] and low EML. Also the material does not absorb water [25] , it is insensitivity to humidity [25] and it has chemical inertness with special biosensing properties [26] .
III. RESULT & DISCUSSION
The triangular air holes in the hybrid core region are rotated in anti-clockwise direction for 30º, 60º and 90º and simulation results are plotted for different waveguide properties. In fig. 2, we can see the structural change in the design for rotating the triangular core. Here it can be seen that, the triangular core geometry for optimum ( Fig. 2 .a) and 60º rotation ( Fig. 2 .c) are asymmetric with respect to x-axis. Due to the other parameters are similar for these two designs, they have appeared vertically flipped. Thus their optical properties and results should be similar except the resulted fundamental modes for transverse electric (TE) field will be interchanged. But the optimum design of the reported fiber has a very little asymmetry in the design (Fig. 1) . So the optical properties for x and y polarizing signals have very similar outputs. Thus, even with resulting in opposite polarizations, these two designs will almost serve close results. Similar phenomena will occur with 30º ( Fig. 2 .b) and 90º ( Fig. 2.d ) rotations as they have appeared to be horizontally flipped designs of each other. We have investigated this theory and discuss the results in this paper for different waveguide properties. COMSOL Multiphysics simulator has been used to determine the single mode confinements for the transmitted light and different waveguide properties for those confinements are investigated; such as: effective refractive index, material loss, power fraction etc. All the results are then plotted in MATLAB using designated equations to observe the changes graphically. Fig. 3 and fig. 4 are showing the fundamental mode filed distribution for both x and y polarizations respectively of transverse electric (TE) field for single mode confinements of different rotations. Arrow directions are showing the polarization direction of the transverse electric fields. All the fundamental mode filed confinements have been simulated for 1THz operating frequency. It can be observed that the difference between the modes for x and y polarizations of each rotation are very similar due to the low amount of asymmetry in the hybrid porous core design. The field distributions for optimum to 60º rotation and 30º rotation to 90º rotation can be considered just flipped vertically and horizontally respectively. We have discussed the physics behind this phenomenon in the above paragraph. The changes in the mode field distributions have followed the theory we have discussed before. Now we investigate the effective refractive index of the reported fiber. As discussed before the single mode confinements are almost similar for the x and y axis of all rotation designs, thus their effective indexes of each polarization will be same. So we have only represented the x axis polarization effective index in fig. 5(a) . It can be seen that all the refractive indexes for different rotation are overlapping one another. This is due to the similarity of the design even after the triangular core has been rotated up to 90º. We can also see that the effective indexes increase with increasing frequency and after a certain point it has an almost flat value close to the refractive index of the used host material TOPAS (i.e., 1.5258). The reason behind this is the transmitting mechanism of light inside the fiber. The porous design fiber confines traveling light using total internal reflection (TIR) system. In this system light waves get reflected while travelling from an optically denser medium to a lower denser medium when the incident angle of the wave is larger than the critical angle for that medium. In the reported hybrid porous core design the centre point of the core is surrounded by triangular air holes witch has created the perfect scenario for TIR. Thus light is tightly confined in that central core point. As a result the effective index has got less diverted by the array of air holes in the rest of the core and cladding. So the resulted effective index has got close to the refractive index of the material and with the increased frequency resembled closer values to each other. In the end the effective index of the porous fiber showed an almost flat value close to the refractive index of the material. The credit for this interesting phenomenon goes to the creative design of the fiber. Individual fiber designs will obviously show different characteristics due to their own design architectures. The dispersion of the group velocity of the reported hybrid porous core design can be represented with respect to the frequency by calculating the coefficient β2 (ps/THz/cm). This term corresponds to the second order term in the Taylor expansion of the modal propagation constant β. The equation can be expressed in the following manner where, ω=2fπ, and neff =Re(β)c/ω, constant c is the velocity of light [9] . The EML of the fiber can be determined by using the following equation [20] ;
Here αeff is representing the EML of the fiber, αmo is the loss of fundamental mode, αmat is the loss from material absorption, 0  is the permittivity and 0  is the permeability of free space [9] . The refractive index nmat is calculated by the simulator. H is the magnetic field). We have brought down several investigations regarding EML. At first the changes in EML for triangular core rotation for different core diameters has been presented in fig. 6(a) . All values have been taken for optimum porosity of 33.32% and 1 THz operating frequency. For having a flipped design structure of optimum with 60º rotations and 30º rotations with 90º rotations as discussed earlier, a similarity of EML can be observed among them. Also it can be seen that with the larger value of Dcore the EML differences for different rotations have drawn smaller. Larger core diameter causes light waves exposed more area of the material and resulted in a higher EML.
We have investigated the EML values for different porosity at optimum core diameter 2450 µm and 1 THz frequency. The effect on different triangular core rotation designs for the change of porosity is vital. Usually for higher porosity the transmitted light has a better chance to radiate through the air holes causing lower EML. The similar thing also happened in the reported design. Due to the confinement structure is little different than others for different core rotation designs showed in fig. 3 and fig. 4 , the amount of light travelling through air holes is also different for those rotations. Thus the resulted EML has large dissimilarities for different rotation designs at changed porosity. This incident can be well observed from the fig. 6(b) where several points have shown very different EML values. At a particular porosity for a certain design if the value of the EML is lower than other that means at that design parameters, the travelling light has radiated less through the air holes and more through the material. The phenomenon is just the opposite for a higher EML value at a particular point of a design. The EML for optimum parameters of 2450µm core diameter and 33.32% porosity has been exhibited in fig. 6(c) . For the design similarities in optimum and 60º rotations and in 30º and 90º rotations discussed before, the EML has been resulted similar. For higher frequency values all rotation designs have shown almost same EMLs. In case of lower frequency (< 1THz) a change can be seen in the EML results. For lower frequency the effective index changed rapidly and changed the confinement property of the propagation. As a result the power flow also changed for that and thus the EML value of the reported fiber. Most of the changes in the power flow happened in the cladding air holes and in the material. In the following paragraph we have discussed about this effect. In fig. 7(a) we can observe the changes in the power flow in the cladding air holes for different rotation designs of the triangular core. For optimum and 60º rotation the amount of power transmitted through the cladding air holes has larger percentage than the other two rotation designs under 1THz frequency. On the other hand, the power flow in the material has reduced value under 1THz frequency for optimum and 60º rotation designs which can be seen at fig. 7(b) . Although the power flow in the core air holes has remained same for all the different rotation designs shown in fig. 7(c) ; it can be observed from these three figures that the overall power flow in the material has decreased for optimum and 60º rotation designs for frequency lower than 1 THz. If the amount of power flowing is low inside the material so as the value of EML for that particular frequency. Judging from fig. 7 , 30º and 90º rotation designs have experienced a less percentage of power flow through the air holes and more power has been transmitted inside the material under 1THz frequency. Thus they showed a higher EML under 1THz frequency as it has been discussed in fig. 6(c) .
Although the changes occurred for rotating the triangular core has affected the power flow in the material and cladding air holes, the power flow inside the core air holes has been similar for all rotation designs as illustrated in fig. 7 (c). The amount of power has decreased in the core air holes with higher frequency due to the effect of compact single mode confinements in the central point of the core. This is due to the increased effective refractive index with increasing frequency which has been discussed in fig. 5(a) . For the TIR mechanism of transmitted light with higher effective index the confinements are tight in the central point of the core and less affected by the air holes and surrounding materials in the cladding. As a result the power flow has decreased in the core air holes with increased frequency. With this very tight confinement the propagating light experienced less impact from the whole materials and consumed by only a small portion of material in the core region. This resulted in a low EML for the reported hybrid porous core fiber.
Usually porous core fibers have three types of considerable losses; such as effective material loss (EML), confinement loss and bending loss. We have already discussed about EML previously in this paper. The effect on confinement loss has been shown in fig. 8(a) for different rotations. The confinement loss, CL  can be expressed by the following equation [9] where f is the frequency of the light, c is the velocity of the light in vacuum (constant) and Im(neff) is the imaginary part of the refractive index of the guided mode which has been derived by the simulator;
We can see some changes in the confinement loss for certain frequencies of different rotation designs. This happened for the change in the core air hole arrangements for rotating the triangular core. The confinement loss depends on the cladding and core air hole position to guide the propagation towards a particular confinement. Whenever the balance has been changed between the core and cladding air holes the confinement loss also changes. Similar phenomenon can be 
observed for bending loss plotted in fig. 8(b) . A recently reported conformal transformation method [22] has been used to calculate the bending loss with a modified index profile. The following equation represents the modified equivalent index for bending loss of the fiber.
Here neq(x,y) is the modified equivalent index distribution, n(x,y) is the original refractive index profile of the PCF, R is the bending radius (bending radii=1 cm) and x is the distance from the centre of the fiber to the bending point. Once the neq(x,y) is calculated, bending loss can be found by using the same formula as described for determining confinement loss. Similar to the physics of the changes occurred in confinement loss, bending loss also showed some changes for different triangular core arrangements. Although the value of bending radii R and distance from the centre of the fiber to the bending point x has been same for all rotation designs, the different confinement loss for changing the core and cladding air hole balance has caused the changes in the bending loss for different rotation designs.
IV. CONCLUSION
We have investigated the impact of changing the triangular core position on different waveguide properties by rotating the triangular core. We have reported the effect of air hole arrangements on effective refractive index and thus resulting in a large range (3.75 THz band) near zero flat dispersion at 0.4±0.042 ps/THz/cm. The physics behind the low flat EML of ±0.000416 cm -1 from 1.5 to 5 THz for the reported design has been discussed. The changes in power fraction affecting the EML for rotating the triangular core have been discussed. The cause and effect of rotating triangular air holes on confinement and bending loss has been reported. We have learned from these investigations that the changing of air hole positions by rotating the core can bring some interesting effects on waveguide characteristics. If the design has lower asymmetry then similar looking rotations having a vertical or horizontal flipped position of air holes can have almost same waveguide properties. Using this study other porous core designs can be tuned for determining more possible variations in their waveguide properties. 
